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The Dopp ler  Sh i f t  A t tenuat ion  (DSA)  method is  w ide ly  used to
m e a s u r e  l i f e t i m e s  o f  n u c l e a r  s t a t e s  i n  t h e  o r d e r  o f  1 0 - 1 4  t o
1 0 - 1 1  s .  f n  t h i s  m e t h o d  t h e  n u c l e a r  s t a t e  i s  p o p u l a t e d  a f t e r  a
nuc lear  reac t ion  and decays  by  emiss ion  o f  a  gamma ray ,  wh i ls t  the
nuc leus  ' reco i l s '  in  i t s  back ing  mater ia l .  The energy  sh i f t  o f  the
ganma ray  (wh ich  is  measured)  depends on  the  ve loc i ty  o f  the  re -
co Í l  w i th  respec t  to  the  de tec tor  a t  the  moment  o f  emiss ion .  So
the  l i fe t ime o f  the  nuc lear  s ta te  may be  de termined i f  the  reco i l
s low ing  down process  is  known.  However ,  many o f  the  l i fe t imes re -
su l t ing  f rom DSA measurements  d isp lay  la rge  var ia t ions  wh ich  are
caused by  a  lack  o f  su f f i c ien t  knowledge o f  these processes .  That
is  why DSA measurements  a re  a lso  under taken fo r  nuc lear  s ta tes
wi th  we l l -known l i fe t imes.  The measurement  o f  ' ranges '  i s  another
o f ten  used method to  s tudy  these s lowing  down processes .  ïn  th is
k ind  o f  measurement  the  d is t r ibu t ions  o f  imp lan ted  ions  are  de ter -
mined fo r  example  by  the  method o f  Ruther fo rd  backscat te r ing  or
f rom the  y ie ld  curve  o f  a  resonant  nuc lear  reac t j -on .  However ,  fo r
bo th  methods  the  s lowing  down o f  the  par t i c le  beam used,  wh ich
most  o f ten  ex is ts  o f  o  par t i c les  o r  p ro tons ,  shou ld  be  known.
In  th is  thes is ,  research  on  energy- Ioss  processes  o f  p ro tons
and S i  ions  in  a lumin i -um is  p resented .  The so-ca l fed  Resonance
Shi f t  method has  been improved fo r  the  measurements  on  the  pro tons
themse lves .  Th is  method has  on ly  been used occas iona l l y  be fore .
A new method has  been deve loped,  wh ich  is  ca l led  the  Transmiss ion
Dopp ler  Sh i f t  A t tenuat ion  (TDSA)  method,  fo r  the  measurement  on
Si  i -ons .
CHAPTER 1  inc ludes  an  in t roduc t ion  in to  the  ex is t ing  theor ies
o f  energy  loss  o f  ions  j -n  mat te r .  Th is  in t roduc t ion  is  in tended fo r
the  reader  who j -s  no t  (o r  i s  no  lonqer )  fami l ia r  w i th  a tomic  co l -
1  i c i n n  n r ^ ^ ê c c ê c
CHAPTER 2  desc r i bes  t he exper imenta l  methods  and the  equ ip-
Sh i f t  exper iments ,  the  resonance 
- . r ie Id
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ment  used.  In  the  Resonance
c u r v e  m e a s u r e d  a t  a  c l e a r  p a r t  o f  t h e  t a r g e t ,  i s  c o m o a r e d  w Í t h  t h e
r e s o n a n c e  y i e l d  c u r v e  a t  a n o t h e r  p a r t  o f  t h e  s a m e  t a r g e t ,  w h i c h  i s
cove red  w i t h  a  ce r t a i n  quan t i t y  o f  a l um in i um.  Deconvo lu t i on  o f  t he
l a s f  w i e l d  c r r r r r e  h r r  t h c  f i r q t  o n c -  r e s u l t S  i n  t h e  g n g ; o r r - l o s s
d i s t r i b u t í o n  o f  t h e  p a r t j . c l e  b e a m  i n  t h e  a l u m i n i u m .  I n  t h i s
p r o j e c t  a  p r o t o n  b e a m  o f  a b o u t  1  ! A  r + a s  u s e d ,  a n d  t h e  1 3 7 5  k e v
r e s o n a n c e  o f  t h e ' u S ( p , r ) t 5 g 1  r e a c t i o n  w a s  s t u d i e d .  T n  t h i s  e n e r g y
r e o i n n  t h e  q f o n n i n o  i s  d ê f ê r m i n e d  m a i n l w  b v  t h e  i n t e r a g t i 6 n  O f  t h e
n ró tón  l - r oam and  l - he  e l eC t rons  i n  t he  a lUm in iUm.  AS  a  resu l t  t he
p r o t o n s  w i l f  b e  s f o w e d  d o w n  b u t  n o t  b e  d e f l e c t e d .  T h e  e n e r g y  r e s o -
f u t i o n  o f  t h e  R e s o n a n c e  S h i f t  m e t h o d  p r o v e s  t o  b e  a b o u t ' 1 0 0 - 2 0 0  e V
wh i ch  va lue  i s  ex t r eme l y  good  compared  t o  t he  o f t en  used  so l i d
s t a t e  d e t e c t o r  w h i c h  u s u a l l y  p r o v i d e s  r e s o l u t i o n s  o f  1 0 - 1 5  k e v .
I n  t he  TDSA me thod  t he  ene rgy  d i s t r Í bu t i on  o f  gamma rays
e m i t t e d  b y  a  n u c l e a r  l e v e f ,  e x c i t e d  i n  a  n u c l e a r  r e a c t i o n ,  i s
m e a s u r e d .  T h e  e n e r g y  d i s t r i b u t i o n  i s  a  f u n c t i o n  o f  t h e  v e l o c i t y
d i s t r i b u t i o n  o f  t h e  e m i t t i n g  i o n s .  I n  t h i s  c a s e  a  s t u d y  w a s  m a d e
o f  t h e  1 2 6 2  k e v  r e s o n a n c e  o f  t h e  t t A f ( p , ] ) 2 8 S i  r e a c t i o n .  T h e  r e -
s o n a n t  1 2 8 0 3  k e v  l e v e f  d e c a y s  p a r t i a f l y  t o  t h e  6 8 7 8  k e V  l e v e l ,
w h i c h  h a s  a  f i f e t i m e  o f  2 . 5  p s .  T h e  r e c o i l i n g  2 8 S i  n u c l e u s  h a s  a n
i n i t i a l  k i n e t i c  e n e r g y  o f  a b o u t  5 7  k e V ,  w h i c h  i s  e q u i v a l e n t  t o  a
r r e l o c i t w  o f  O . 2 2  o f  f h e  s n e e d  o f  I i o h t .  T h Ê  r ê . ó i 1  w i 1 I  b e  s l o w e dv r v e s
r ^ . ' -  L "  r - + ^ - ^ ^ + r " r n s  w i t h  t h e  e l e c t r o n s  a n d  n u c l e i  o f  t h ê  f á r o ê f .u u w r r  u ]  u s t Y e u .
T h e  i n t e r a c t i o n  w i t h  n u c l e i  n o t  o n l y  f e a d s  t o  e n e r g y  l o s s  b u t  a l s o
t o  d e f l e c t i o n  o f  t h e  r e c o i l s  .  S o  b y  m e a s u r i n g  t h e  D o p p l e r  s h i f t e d
gamma- ray  pa t t e rns  i n f o rma t i on  on  t he  vec to r i a l  ve l oc i t y  d i s t r i -
b u t i o n  o f  t h e  r e c o i l s  a t  t h e  v e r y  m o m e n t  o f  d e c a y  c a n  b e  o b t a i n e d .
T n  f h e  n Á s f  m ê À q r r r e m e n f s  o f  t h i q  f w o e  h a v e  b e e n  u n d e r t a k e n  f o r
r e c o i L s  i n  t h j c k  t a r g e t s  w i t h  g a m m a - r a y  e m i t t i n g  n u c l e a r  s t a t e s
p o s s e s s i n g  w e l l - k n o w n  I i f e t i m e s  o f  t h e  s a m e  o r d e r  a s  t h e  r e c o i l
c l - n n n i n n  ' ] . i m o
I n  t he  TDSA me thod  t h i n  t a rge t s  a re  used  so  t ha t  a  l a rge
f rac t i on  o f  t he  reco i l s  has  f e f t  t he  t a rge t  be fo re  t he  gamma ray
h a s  b e e n  e m i t t e d .  T h e  m e a n  l i f e  o f  t h e  n u c l e a r  l e v e l  s t u d i e d
shou ld  be  l ong  compared  t o  t he  t ime  i t  t akes  f o r  t he  reco i f  t o
' I  c : r r c  f  h e  f  : r c c f  - f  f  e c f  r  r z e l  r z  -  f  h c  r e c o i f  - v e l o -I E O V g  L l r e  L A r 9 s L .  I l l J >  l L L E d l l 5  L l l O L ,  C r r C U L f  V C r )  t  L r r e  !
n i + r r  Á i c + r i l - r r r + i n n  a f f e r  l c a r z i n o  t h ê  r . r d ó +  i c  h a i h ^  c t U d í e d .  I nL e s  v  + r r Y
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s compared with the
me ta rge t ,  wh ich  is
econvofution of the
h c  c n a r c r r - l  n c c
i um.  In  th is
nd  the  1375 ke \z
i e d .  I n  t h i s  e n e r g y
in te rac t ion  o f  the
As a  resu l t  the
i l .  The energy  reso-
b e  a b o u t  1 0 0 - 2 0 0  e V
of ten  used so l id
n s  o f  1 0 - 1 5  k e V .
^ g  - - * * ^  - - . . -
v !  Y d r L L r L r d  !  d y  è
r  r e : n l - ' i  n n  i  c
o f  f  h o  r r a  l  n n  i  J - r r
a study was made
reac t ion .  The re -
6 8 7 8  k e v  1 e v e l ,
8 S i  n u c l e u s  h a s  a n
s equivalent to a
c i l  w i l l  be  s lowed
' I  
a i  n f  + h ê  + r r d ê +
nergy  Ioss  bu t  a lso
the  Dopp ler  sh i f ted
\ r ê ' l ó . i l - r r  Á i q l - r i -
: r y  can  be  ob ta i ned .
unde r taken  f o r
i  h " ^ lj  r r u 9 r c q r  
-  L d L e S
3 r  a c  + h ê  r a a n i  l
r  l - h a f  a  l r r a a
a r ê  l - h ê  d à m m :  r a \ t
Leve l  s tud ied
:  the  reco i l  to
the  reco i l -ve l -o -
: ' i  n n  c f  r r Á  i  a Á  T h
t h i s  w a y ,  i t  b e c o m e s  p o s s i b l e  t o  s t u d y  t h e  v e c t o r i a l  v e l o c i t y
d is t r ibu t ion  as  a  func t j -on  o f  d is tance t rave l led  by  vary ing  the
th ickness  o f  the  s topp ing  1ayer .
The second chapter  a lso  g ives  a  descr ip t ion  o f  the  charac ter -
i s t i cs  o f  the  Van de  Graaf f  acce le ra to r  a t  Gron insen and o f  the
scat te r ing  chamber  used.
CHAPTER 3  ou t l ines  the  prepara t ion  o f  the  very  th in  se l f -
support ing aluminium targets for the TDSA measurements and of the
S l ' r ^ S -  t a r n e t q  f n r  t h e  R e s o n a n c e  S h i f t  m e a s u r e m e n t s .  A l l  t a r o ê t s
are  prepared by  the  ' vacuum evapora t ion '  method.  Much e f fo r t  was
devoted  to  ensur ing  tha t  the  se l f -suppor t ing  a lumin ium ta rge ts
were  th inner  than the  range o f  the  28Si  reco i l s  ( t  300 a tomic
layers )  and cou ld  w i ths tand a  1262 kev  pro ton  beam o f  1  UA fo r  a
per iod  o f  severa l  days .  Th is  chapter  a lso  repor ts  on  the  s t ruc-
tu re ,  th ickness  un i fo rmi ty  and contaminat ion  o f  the  ta rge ts .
CHAPTER 4 descri-bes the computer programs which were used
for  the  measurement  ana lys is .  A  program ca l ]ed  RESFfT was deve lop-
ed fo r  the  Resonance Sh i f t  measurement .  Th is  p rogram is  ab le  to
f i - t  measured resonance y i -e ld  curves  fo r  a  g iven energy- loss
d is t r ibu t ion  o f  the  par t i c fe  beam.  An ex is t ing  program ca l led
DOPSIM was adapted  fo r  the  ana lys is  o f  the  TDSA measurements .
DOPSIM s imu la tes  no t  on ly  the  sca t te r ing  processes  be t \^ reen the
reco i l s  and bo th  the  ta rge t  nuc le i  and e lec t rons ,  bu t  a lso  the
emiss ion  o f  the  gamma rays .  The adapt ion  makes i t  poss ib le  to  use
severa l  d i f fe ren t  mode ls  fo r  the  screened Cou lomb poten t ia l  de-
scr ib ing  the  nuc lear  sca t te r ing .
CHAPTER 5  d iscusses  the  resu l ts  o f  the  Resonance Sh i f t
measurements .  In  the  energy  reg ion  s tud ied ,  and fo r  s topp ing
l a y e r s  o f  u p  t o  2 0  v g / c m 2 ,  o r  3 0 0  a t o m j . c  l a y e r s ,  t h e  e n e r g y - I o s s
pat te rns  o f  p ro tons  prove to  be  we l l  descr ibed by  the  theory  o f
Vav j - Iov .  An add i t iona l  f ind ing  was tha t  th is  d is t r ibu t íon  can be
approx imated by  a  t r ia l  func t ion ,  wh ich  is  a  convo lu t ion  o f  a
normal  d is t r ibu t ion  and an  exponent ia l  func t ion .
CHAPTER 6  descr ibes  the  resu l ts  o f  the  TDSA measurements .
For  the  ana lys is  o f  the  measurements  the  angu lar  d is t r ibu t ions  o f
t h e  g a m m a  r a y s  o f  t h e  1 2 8 0 3 - 6 8 7 8 - 0  k e v  c a s c a d e  o f  t h e  2 8 S i  n u c l e u s
must  be  known.  These d is t r ibu t ions  were  measured and the i - r
a À a
anafys is  conf i rms the  J"  =  3  ass ignment  o f  the  resonant
( 1 2 8 0 3  k e v )  1 e v e I ,  a s  p r e v i o u s l y  f o u n d  b y  N o r d h a g e n .  T h e  p r o g r a m
RESFIT was used to  ca lcu la te  the  pro ton-beam energy  re la t i ve  to
the  resonance energy .  Th is  p rogram was a lso  used to  de termine the
t h i c k n e s s e s  o f  t h e  t a r g e t s ,  a n d  t o  c a f c u l a t e  t h e  d i s t r i b u t i o n  o f
t h e  s t a r t i n g  p o i n t s  o f  t h e  r e c o i f s ,  o v e r  t h e  t a r g e t s .  I n  t h e s e
aspects  the  resu l ts  o f  the  Resonance Sh i f t  measurements  a re  es-
sent ia l  fo r  the  ana lys is  o f  the  TDSA measurements .  From the  la t te r
measurements  i t  i s  conc luded tha t  the  theory  o f  L indhard ,  Schar f f
and Sch ió t t  descr ibes  the  s fowing  down o f  the  57  keV S i  reco i l s  in
a lumin ium very  we1 l .  In  the  f i t t ing  o f  the  theory  to  the  exper i -
menta l  resu l ts ,  the  o f ten  used sca l ing  fac to rs  f_ -  and f_  fo r
- N E
nuc lear  and e lec t ron ic  s topp ing ,  p rove  to  be  about  un i ty ,  and thus
redundant .  The ana lys is  showed no s ign j - f j -can t  d i f fe rences ,  in  th is
energy  reg ion  fo r  e i ther  the  Thomas-Fermi  in te ra tomic  po ten t ia l  as
u s e d  b y  L i n d h a r d  e t  a I . ,  o r  t h e  i n t e r a t o m i c  p o t e n t í a l s  o f  M o l i è r e ,
o r  o f  Lenz-Jensen.  As  a  supp lement  to  o ther  methods  such as  range
measurements ,  Ruther fo rd  Backscat te r ing  measurements ,  and t rans-
miss ion  measurements  as  descr ibed in  chapter  1 ,  t -he  TDSA method
has proven to  be  va luab le  to  de termine the  charac ter is t i cs  o f  the
Ín te ra tomic  po ten t ia ls .
